The crystal structure of Pb 6 Bi 2 S 9 is investigated at pressures between 0 and 5.6 GPa with X-ray diffraction on single-crystals. The pressure is applied using diamond anvil cells. Heyrovskyite (Bbmm, a = 13.719(4) Å, b = 31.393(9) Å, c = 4.1319(10) Å, Z = 4) is the stable phase of Pb 6 Bi 2 S 9 at ambient conditions and is built from distorted moduli of PbS-archetype structure with a low stereochemical activity of the Pb 2+ and Bi 3+ lone electron pairs. Heyrovskyite is stable until at least 3.9 GPa and a first order phase transition occurs between 3.9 and 4.8 GPa. A single-crystal is retained after the reversible phase transition despite an anisotropic contraction of the unit-cell and a volume decrease of 4.2%. The crystal structure of the high pressure phase, β-Pb 6 Bi 2 S 9 , is solved in Pna2 1 (a = 25.302(7) Å, b = 30.819(9) Å, c = 4.0640(13) Å, Z = 8) from synchrotron data at 5.06 GPa. This structure consists of two types of moduli with SnS/TlI-archetype structure in which the Pb and Bi lone pairs are strongly expressed. The mechanism of the phase transition is described in detail and the results are compared to the closely related phase transition in Pb 3 Bi 2 S 6 (lillianite).
Introduction
Heyrovskyite, Pb 6 Bi 2 S 9 , was synthesized as a part of work on the PbS-Bi 2 S 3 system by Otto & Strunz (1968) who also suggested a schematic crystal structure for the compound. Naturally occuring mineral was later described by Klomínský et al. (1971) and the suggested structure was confirmed and refined by Takéuchi and Takagi (1974) . The crystal structure is orthorhombic Bbmm (a ≈ 13.7 Å, b ≈ 31.4 Å, c ≈ 4.1 Å, Z = 4) and is built from distorted moduli of PbS-archetype (Fig.  1) . The moduli are cut parallel to (311) PbS and combined by mirror planes parallel to (010) of heyrovskyite (Makovicky and Karup-Møller 1977) . The width of the moduli can be evaluated by counting the number of PbS octahedra running across each slab parallel to [011] PbS . Heyrovskyite is a member of the lillianite homologous series, which is based on various thicknesses of the above defined slabs. Each homologue type is symbolized as N L (N = number of octahedra) or N1,N2 L when there are two slabs of distinct thicknesses. Heyrovskyite is the 7 L member of the homologous series, whereas lillianite, Pb 3 Bi 2 S 6 , is the 4 L member (Makovicky and Karup-Møller 1977) .
This article reports on a high pressure X-ray diffraction study on synthetic heyrovskyite. It follows a series of related studies on sulfosalts and sulfides of metalloids (Lundegaard et al. 2003 , 2005 , Olsen et al. 2007 , 2008 . These compounds contain elements like Pb, Bi and Sb which often have distorted coordination environments due to the stereochemical activity of lone electron pairs. The distortion decreases at increasing pressure for most of the studied compounds. However, in 2 lillianite, Pb 3 Bi 2 S 6 , a first order phase transition which increases the stereochemical activity of the lone pairs is observed between 4 and 5 GPa (Olsen et al. 2008) . The crystal structures of lillianite and heyrovskyite are closely related and one of the aims of the present study was to investigate whether this relation is reflected in the high pressure behaviour of heyrovskyite.
Experimental X-ray diffraction intensities from a synthetic single-crystal of heyrovskyite (48 x 15 x 98 μm 3 , crystal 1), were collected at ambient conditions using a CCD-equipped Bruker AXS four-circle diffractometer with MoKα radiation. The process for synthesizing the crystals is described by Elcoro et al. (2008) . Software from Bruker AXS (SMART, SAINT+) was used for data integration and empirical absorption correction was performed with the SADABS-program. A second synthetic single-crystal of Pb 6 Bi 2 S 9 (43 x 15 x 100 μm 3 , crystal 2) was mounted in a Boehler-Almax type diamond anvil cell (Boehler 2006) (with diamond culets of 600 μm) together with a ruby chip for pressure calibration (Mao et al. 1986 ) and a methanol:ethanol = 4:1 mixture acting as a hydrostatic pressure medium. A series of X-ray intensity measurements at 1. 68, 2.95, 3.92, 4.84, and 5.57 GPa were carried out on a STOE diffractometer IPDS-2T with MoKα radiation. STOE software (STOE & Cie GmbH) was used to integrate high pressure data and correct for sample absorption effects via face-indexing. Data correction for the diamond anvil cell was performed with Absorb (Angel 2004) . Although the data sets measured at 4.84 and 5.57 GPa in the laboratory could well be used to determine the lattice parameters, they did not contain enough information about the reciprocal space (due to a relatively low energy of MoKα radiation of the laboratory diffractometer IPDS-2T) to determine the crystal structure. For this reason, Crystal 1 was mounted in a ETH-type diamondbacked diamond anvil cell together with a quartz crystal for pressure calibration (Angel et al. 1997) and methanol:ethanol:water = 16:3:1 as hydrostatic pressure medium. X-ray diffraction intensities at a pressure of 5.06 GPa were collected at the beamline D3 in HASYLAB (Hamburg, Germany) at a wavelength of 0.4Å. The vertical and horizontal slits of the collimator were closed to 0.4 mm each and the data were collected on a MARCCD-165 detector. The XDS program package (Kabsch 1993) was used to integrate the data. As the absorption corrections both for the crystal shape and the diamonds improved neither the internal agreement factors nor the final agreement factors of the refinement, we abstained of applying any correction for absorption effects. SIR97 (Altomare et al. 1999 ) was used for structure solution of the high pressure phase. All crystal structure refinements were performed with JANA2006 (Petříček et al. 2006) . The experimental data for crystal 1 are summarized in Table 1 and the unit-cell parameters of crystal 2 are listed in Table 2 .
Evolution of unit-cell parameters
The two heyrovskyite crystals were measured on different X-ray diffractometers and at various pressures. The lengths of the unit-cell axes are plotted as a function of pressure in Fig. 2 . The compression of the unit-cell is continuous between 0 and 3.92 GPa and can be described using a Birch-Murnaghan Equation of State (B-M EoS) (Birch 1947) . The unit-cell volumes were fitted to the B-M EoS using EoSFit5.2 (Angel 2000) and the data points were weighted with estimated standard deviations of volume and pressure. Due to the limited interval of pressure and the small number of data points we constrained the EoS to 2 nd order. The 2 nd order EoS implies a K' of 4 which is assumed to be a reasonable constraint for heyrovskyite as the closely related lillianite structure has a K' of 4.0(1.3) (Olsen et al. 2008) . The fit of the data points from 0 to 3.92 GPa yields a zero pressure volume V 0 = 1780.2(7) Å³ and bulk modulus K 0 = 51.3(5) GPa for heyrovskyite. The fit is satisfactory with deviations in observed and calculated pressure being less than 0.03 GPa.
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The close relationship between the crystal structures of heyrovskyite and lillianite (K 0 = 48.4(1.7) GPa) is reflected in very similar bulk moduli.
A first order phase transition is observed between 3.92 and 4.84 GPa where heyrovskyite transforms into β-Pb 6 Bi 2 S 9 . The transition is clearly expressed by the appearance of a number of new reflections at the reciprocal lattice points (h/2 k l) of heyrovskyite, accompanied by the change from a B-centred to a primitive lattice. The lengths of the b and c-axes increase slightly across the phase transition (Fig. 2) , whereas the a-axis/2 in β-Pb 6 Bi 2 S 9 at 4.84 GPa is 5.3% shorter than the aaxis in heyrovskyite at 3.92 GPa. The overall result of the phase transition is a contraction of the volume by 4.2 %.
The phase transition in Pb 6 Bi 2 S 9 has several points of similarity to the first order phase transition in Pb 3 Bi 2 S 6 . Both transitions are observed between 4 and 5 GPa and are accompanied by a volume decrease of approximately 4 %. The crystals still diffract as single-crystals after the phase transition in spite of the significant and anisotropic change in unit-cell parameters and the room pressure phases are re-established after the release of pressure.
The transition in Pb 3 Bi 2 S 6 (lillianite) transforms the crystal structure from space group Bbmm at low pressure to Pbnm at high pressure. For heyrovskyite, the systematic extinctions indicate Pnam and Pna2 1 as possible space groups for β-Pb 6 Bi 2 S 9 after the transformation.
Crystal structure of heyrovskyite
The crystal structure of heyrovskyite has five distinct cation sites in the unit-cell. The M1 site at the plane of the unit-cell twinning is a bi-capped trigonal prism and the four sites in the PbS-like slab have octahedral or quasi-octahedral coordinations. Refined atomic coordinates for synthetic Ag-free heyrovskyite of the present study are given in Table 3 . Bond lengths from the refinement are listed in Table 4 Makovicky et al. 1991) heyrovskyite. The differences in bond lengths are small between the two former structures and considerably larger between Ag-free and Ag-rich heyrovskyite. Because of the similar number of electrons, Pb 2+ and Bi +3 are indistinguishable by means of conventional X-ray diffraction techniques. The site occupancy can be deduced using bond lengths and geometrical characteristics of the coordination polyhedra. The M1, M2 and M3 sites in Ag-poor heyrovskyite are taken as pure Pb-sites and M4 and M5 are assumed to have a statistical distribution of Pb and Bi (Takéuchi and Takagi 1974) . M1 is also taken as a pure Pb-site in Ag-rich heyrovskyite, whereas Bi partially replaces Pb at the M2 and M3 sites. M5 is assumed to be a pure Bi-site and M4 has mixed occupancy of Ag and Bi (Makovicky et al. 1991 ).
Looking at Ag-free heyrovskyite, the long bonds and large volume of M1 are clear characteristics of a site occupied by Pb. To establish the occupation of the octahedral sites bond-pairs are plotted in a xy-diagram (Berlepsch et al. 2001a ) onto element specific bond-length hyperbola (Fig. 3) . The in plane bond-pair refers to the two types of bonds which lie in the plane defined by the cation and four coordinating sulfurs of the octahedron, e.g. M4-S1 and M4-S4. Out-of-plane is the bond pair which lies approximately on a line perpendicular to this plane, e.g. M4-S2 and M4-S3. The M2 site plots between the two hyperbolas and this suggests a mixed occupancy of Pb and Bi. The points of M3 lie close to the Pb hyperbola and indicate a pure Pb-site.
Determination of occupancy of M4 and M5 is more ambiguous. The plot of the out-of-plane bondpairs of M4 and M5 suggests that these sites are occupied mainly by Bi. A majority of Bi at the M4 and M5 sites is not possible, however, as it would violate the stoichiometry of heyrovskyite. The in plane bond-pairs plot between the two hyperbolas and close to the x=y line and thus suggest a mixed occupancy of Pb and Bi. Despite the mixed occupancy the out-of-plane bond-pairs can be ruled by the Bi component with a strong stereochemical activity of the lone electron pair. As realized by Berlepsch et al. (2001b) the situation of in plane bond-pairs plotting close to the x=y line is not unusual in sulfosalts. Besides the effect of mixing, it might be caused by a split or socalled "flipping" position of the cation. For these two sites, the lengths of the bond-pairs might be an average of a long and a short bond. This idea is supported by the thermal ellipsoid of M4 which is slightly elongated along the a-axis, whereas the thermal ellipsoid of M5 shows no sign of elongation. Based on the above we take M1 and M3 as pure Pb-sites and assume a mixed occupation of Pb and Bi at M2, M4, and M5.
The stereochemical activity of a lone electron pair can be quantified by the cation eccentricity which measures the displacement of the cation relative to the centroid of the coordination polyhedron (Balić-Žunić and Makovicky 1996) . The cation eccentricities of M1 (CN [8] ), M3, M4, and M5 are 0.036, 0, 0.068, 0.199, and 0.228, respectively. The M2 site has eccentricity equal to 0 as it is placed at a centre of symmetry. The cation is not displaced from the centroid, but the polyhedron deviates from ideal octahedral symmetry by having four bonds of 2.922(7) Å and two bonds of 2.951(9) Å. This type of coordination is not found in the even homologues of the lillianite series (like 4 L), where all cations have eccentricities above 0. The cation eccentricities and the variation in bond lengths show that the deviations from ideal octahedral symmetry in heyrovskyite are small for the M2 and M3 sites in the central zone of the slab and markedly larger for the M4 and M5 sites at the margins of the slab.
Like in lillianite the lone electron pairs in heyrovskyite cluster together in the structure in so-called micelles (Makovicky and Mumme 1983) parallel to [011] PbS (Fig. 1) .Each micelle in heyrovskyite hosts three lone pairs, those of M3, M4, and M5, and is thus smaller than the micelles in lillianite in which four lone pairs are hosted.
The detailed evolution of the crystal structure of heyrovskyite between 0 and 3.92 GPa could unfortunately not be extracted from the experiments. The crystals have the shape of thin plates with the shortest dimension being along the b-axis. The diamond anvil cell reduces the resolution along the reciprocal b*-axis considerably and the range of k was cut down to -12<k<13. The structure could be refined to an R value of less than 5% but, due to the limited completeness of the data set, the R-value was insensitive to movements of atoms along the ~31 Å long b-axis. This results in a set of crystal structure determinations with unreliable y coordinates, which we choose not to report. However, they allow us to conclude that a practically undistorted crystal structure of heyrovskyite is retained until 3.92 GPa.
Crystal structure of β-Pb 6 Bi 2 S 9 The crystal structure of β-Pb 6 Bi 2 S 9 at 5.06 GPa has been solved and refined to R(obs) factors of 8.17% and 9.09% in Pna2 1 and Pnam (both a = 25.302(7) Å, b = 30.819(9) Å, c = 4.0640(13) Å, Z = 8), respectively. Pnam can be rejected as the right space group at the 0.5% significance level according to Hamilton's R-factor ratio test (Hamilton 1965) . The results of the refinement in Pna2 1 are given in Tables 5 and 6 and the crystal structure is shown in Fig. 4 . With the knowledge of the space group of the high pressure phase we also performed a Hamilton test on heyrovskyite to check the existence of the (001) mirror plane. The crystal structure was refined in Bbmm and Bbm2 and the test again rejected the former as the correct space group even at 0.5% significance level. However, while in the high pressure phase the displacements of the atoms from the mirror plane are significant, the same is not true for the ambient pressure phase where the displacements are considerably smaller than the standard deviations of the atomic coordinates. Therefore, the centrosymmetric space group was kept for the ambient pressure data.
The atoms in β-Pb 6 Bi 2 S 9 are named according to their connection to heyrovskyite with a subsequent letter to distinguish between atoms which are no longer symmetry equivalents. A detailed description of the phase transition is given below. The crystal structure of β-Pb 6 Bi 2 S 9 has 16 distinct cation sites. The main part of the coordination polyhedra around these sites can be recognized as lying-down mono-capped trigonal prisms when looking along [001] . The only exceptions are the standing trigonal prisms of M1a, M1b, and M4c, of which the former is mono-capped and the two latter are bi-capped.
The crystal structure of β-Pb 6 Bi 2 S 9 can be described as a rod-based layer structure. The layer (or slab) consists of two types of rods which are interconnected. Rod type 1 (dotted in Fig. 5 ) has SnSarchetype structure and is infinite parallel to [010] SnS . The rod can be characterised by its width (N) and thickness (N') according to the nomenclature of rod-based structures (Makovicky 1993) . N refers to the number of complete cation polyhedra along the tightly bonded double-layer running parallel to [001] SnS (approximately parallel to [100] for rod type 1 in β-Pb 6 Bi 2 S 9 ) and N' is the number of atom planes along [100] SnS (approximately parallel to [010] in β-Pb 6 Bi 2 S 9 ). Rod type 1 has a central part with N = 3 and N' = 4. The thickness of the rod is extended on each side with an additional N = 1 double-layer in faint resemblance to rods in the kobellite homologous series (Makovicky 1993). Rod type 2 (striped in Fig. 5 ) can also be described as SnS archetype structure infinite parallel to [010] SnS , however it approaches TlI archetype structure with the coordinations MS 5+2 . Rod type 2 has N = 3 and N' = 6 with the surface being reduced to N = 2. The two types of rods are hinged together along a zig-zag surface of S-atoms, so the tightly bonded double-layer of one type of rod meets the loosely bonded interspace of the other type of rod.
The wavy surface of each layer alternates between pseudotetragonal (Q) and pseudohexagonal (H) motifs of cations and anions; where a Q surface is a motif of sulfur and metal atoms and a H surface displays only sulfur atoms. The adjacent layers are fitted together so that rod type 1 opposes rod type 2 and a Q motif faces an H motif. This type of construction is widespread in the group of rodbased sulfosalts (Makovicky 1993).
All cations within the SnS/TlI layers are coordinated by mono-capped trigonal prisms and have strongly expressed lone electron pairs. The cation is situated close to the capped face of the prism with short to intermediate bonds on one side and markedly longer bonds on the opposite side. The cation eccentricity for these sites falls in the range 0.41-0.57. The mono-capped prisms are stacked as face-sharing polyhedra parallel to [001] . This means that the cation-cation distance across the micelle in many cases is shorter than the longest M-S distance in the polyhedron. The mono-capped trigonal prisms of M4a and M5c are situated at the edge of the layer and the face-sharing polyhedron across the interspace is replaced by an edge-sharing standing trigonal prism. This results in cation eccentricities of 0.29 and 0.12 for M4a and M5c, respectively. The standing prisms of M1a, M1b and M4c make up the remaining part of the border of the layer and these sites have cation eccentricities in the range from 0.30 to 0.35.
Phase transition
The phase transition from lillianite to β-Pb 3 Bi 2 S 6 can be described by splitting the PbS-like slabs of the low pressure phase into double-layered rods parallel to [011] PbS . These rods are rotated as rigid bodies around their central axes parallel to the crystallographic c-axis in the process of the phase transition (Olsen et al. 2008) . A similar approach can be used to describe the phase transition from heyrovskyite to β-Pb 6 Bi 2 S 9 and to subsequently compare the two observed pressure induced phase transitions in the lillianite homologous series.
The slabs of heyrovskyite can be split into a number of double-layered rods (hereafter called subrods) which are retained across the phase transition and constitute the tightly bonded double-layers of the high pressure phase (Fig. 6) . Going from heyrovskyite to β-Pb 6 Bi 2 S 9 , the sub-rods are rotated as rigid bodies around their central axes parallel to [001] . The sub-rods which after the phase transition are a part of rod type 1 are rotated by approximately 16° and increase the inclination angle of their longest diameter to the b-axis getting almost perpendicular to it. The sub-rods of rod type 2 are rotated in the opposite sense by approximately 19°. This means that the internal [001] SnS directions of the two joined rods in β-Pb 6 Bi 2 S 9 are inclined by 35° with respect to one another. The rotation is connected with a relative sliding of adjacent sub-rods. The relative movement between two parallel sub-rods corresponds approximately to one half of an octahedron or the sliding component [0 ½ ½] PbS . The consequence is a migration of bonds between sub-rods, which can be seen by comparison of Fig.1 and Fig. 4 . Bonds are also broken and established across the (010) mirror plane of heyrovskyite which is transformed to a glide plane in the high pressure phase.
The structure in Fig. 6a presents only one out of four fully equivalent ways the sub-rods in heyrovskyite can be placed. The four different placements are related by a shift of x = ½ of the heyrovskyite cell. The fact that a single-crystal is retained after the phase transition implies that once the transition takes place in one part of the crystal the sequence is determined for the rest of the structure and no twin domains appear.
Having established the process of the phase transition we would like to draw the attention to the M5a-S1c bond of β-Pb 6 Bi 2 S 9 . This bond has a length of 2.35 Å which is notably short compared to the other bonds of the structure. The bond is a part of rod type 1 and is found at the end of one of the rigid sub-rods which are rotated in the process for the phase transition. The bond is thus retained from the low pressure structure in which it is situated at the edge of the slab and also forms the shortest bond (M5-S1) with a length of 2.70 Å. It is remarkable that a similar situation is found in the case of Pb 3 Bi 2 S 6 (Olsen et al. 2008) . The M1-S3 bond at the edge of the slab in lillianite has a length of 2.71 Å at room pressure and is decreased to 2.63 Å at 3.73 GPa where it is the markedly shortest bond of the structure. The bond is retained in the high pressure structure, β-Pb 3 Bi 2 S 6 , as it is rotated as the outermost bond of a rigid unit. With a length of 2.43 Å at 5.27 GPa it also forms the shortest bond of the high pressure phase. The special feature of the shortest bond becoming even shorter in the process of the pressure induced phase transition is thus common for the two studied members of the lillianite homologous series.
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The phase transition from heyrovskyite to β-Pb 6 Bi 2 S 9 is described above in terms of one to three octahedra wide rods which are rotated by 16-19°. The phase transition from lillianite to β-Pb 3 Bi 2 S 6 is a rotation of just one type of rod which is five octahedra wide and extends across the whole PbSlike slab of the low pressure phase. The rod is rotated by 5° in a sense which reduces the inclination angle of its longest diameter to the b-axis and results in a SnS-type like slab. The phase transitions in Pb 6 Bi 2 S 9 and Pb 3 Bi 2 S 6 are based on the same mechanisms which transform modules of PbS-type into modules of SnS/TlI-type. The transitions imply a collective migration of chemical bonds and some of the lone electron pairs are transferred to the opposite side of the atomic nuclei. The lone pairs have a weak stereochemical activity in the octahedra of the PbS-like slab and "pop out" with a strong stereochemical activity in phase transitions between 4 and 5 GPa. This is in contrast to the behaviour of Bi 2 S 3 , Sb 2 S 3 and, to some extent, PbBi 2 S 4 which also have been studied in detail in high pressure experiments (Lundegaard et al. 2003 , 2005 , Olsen et al. 2007 ). These three compounds have lone pairs which are "popped out" already at room pressure. The structures remain stable between 0 and 10 GPa and the stereochemical activity of the lone pairs decreases as a function of increasing pressure.
The term piezoplastic phase transition was suggested for the transition in Pb 3 Bi 2 S 6 referring to its characteristics of being pressure induced, first-order, reversible, displacive, strongly anisotropic, and producing a major volume change (Olsen et al. 2008) . It is evident from the description above that this term might apply equally well to the phase transition from heyrovskyite to β-Pb 6 Bi 2 S 9 .
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